T HE PRESENT THEORIES of excitability of neuronal and muscle tissue are based on the hypothesis that the excitable membrane is a metastable, organized system capable of selectively accumulating potassium, while at the same time eliminating sodium against a high concentration gradient of external sodium (I, 1). With excitation, the metastable structure undergoes a molecular rearrangement with the consequence that sodium is now' permitted to enter while internal potassium moves outward.
Apart from the ionic fluxes associated with the electrochemical phenomena, there are undoubtedly numerous other chemical changes occurring at the excitable interface, the nature of which continues to elude investigation.
One of the more challenging problems in the area of neurochemistry concerns the role of energetic metabolism (3) , so that phosphorylative activity at the surface or membrane may be distinct from that in the cytoplasm.
The main purpose of the present work was to study in detail the outflux of P32 from excitable tissues accompanying membrane depolarization or electrical excitation. In a previous study (5) it had been demonstrated, with the use of P32 as a tracer, that orthophosphate and a number of organic phosphates slowly diffuse out of nerve and muscle even after 2 hr of exposure to Ringer's solution. On exposure to calcium-free or potassium-rich media, or during electrical excitation, there is a considerable increase in the outflux of a number of acid-soluble phosphates (3, 6) . S ince all these procedures are known to result in depolarization of excitable tissues, there was reason to believe that the outflux of muscle phosphates was somehow related to the physicochemical changes associated with membrane depolarization. In the present paper, it will be demonstrated that the changes in the outflux of .P32 from the muscle or nerve, either stimulated or soaked in calcium-free or potassiumrich media, appear to be related to the changes in the membrane potential, Furthermore, the present results seem to indicate that the release of P32 is related to some physicochemical changes taking place in the membrane which are directly involved in excitatory phenomena.
METHODS
Muterid. Sartorius muscles of the frog (Runu pz$iens) and spinal root (ventral and dorsal) nerves of the bullfrog (Runu cutesbeiunu) "were used throughout the present experiment.
The sartorius muscles were carefully dissected out with all insertions intact. Single muscles were used for the study of the rate of P32 outflux, and hr. During this procedure, the preparation was transferred successively into a series of beakers which contained 2 ml of the collection solution for varying intervals of 5-20 min. The total radioactivity of each collection, and occasionally that of the acid extract of the ashed sample obtained at the end of this procedure, was determined with the conventional Geiger counter and scaler. Three types of curves were obtained from the data: r) the desaturation curve which describes the time course of the decline of the radioactivity in the tissues; 2) the rate curve which describes the time course of the rate of outflux; and 3) the rate constant curve which describes the time course of the rate constant,
i.e., per cent of the average radioactivity in the muscles. In the case of nerve fibers, the root nerves were isolated together with the sciatic nerve, and stimulating and recording electrodes were placed on the sciatic nerve. The whole preparation was kept in a moist chamber, since only part of the root nerve was soaked in the collection solution.
The membrane potential of sartorius muscles was measured by using intracellul,ar microelectrodes.
Measurement of various acid-soluble jhujhate.s in external media. Eight sartorius muscles were immersed in 4 ml of Ringer's solution containing I oo PC orthophosphate-P32 for 2 hr. The muscles were then washed successively in a series of five beakers, containing IO ml of Ringer's solution, for a period of 20 
RESULTS
Kinetics of outJ%m of P 32 Figure I shows the time course .
of the loss of P32 from nerve and muscle preparations soaked in Ringer's solution for 4 hr. The decrease in the total tissue P32 was relatively rapid at the beginning, but becomes very slow after 60-90 min. The slow component in the outflux appeared to be almost exponential; the rate constant had an almost constant value. In comparison to the total P32 within the muscle, the amount of P3? released was extremely small. After IOO min, the rate of P32 outflux was nearly constant, These results indicated that the time course of the loss of P32 from nerve and muscle tissues consisted of two different components, with the initial rapid component representing the loss of P32 from the extracellular space and the slow component indicative of transfer from the tissue fibers. The outflux of P32 was accelerated when the nerve or muscle was transferred from Ringer's to phosphateRinger solution, the increase occurring immediately after phosphate was added to the external Ringer's (Fig.   I ).
Again, the rate constant was essentially constant, while the desaturation curve was almost exponential. When nerve or muscle was electrically stimulated, the P32 outflux was found to increase markedly and continued for a period after stimulation (Fig. 2) . Since the amount of P32 released during stimulation was small compared to the total tissue radiophosphorus, no marked changes could be seen in the desaturation curves. When the external solution was changed from Ringer's to K-rich Ringer's (30-50 mM KCl), a marked acceleration in the P32 outflux from both nerve and muscle was observed (see Figs. 3, 4) . During the 1st 5-min immersion there was a marked acceleration in the rate of out- flux of P32, which reached a peak value generally within [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] min and then gradually decreased and returned to almost the original value within 60 min. In spite of the large increase in the rate of outflux, the total amount of the released P32 was small compared to that remaining in the tissue. The desaturation and rate constant curves indicated that the increase in the outflux from nerves or muscles soaked in K-rich Ringer's solution was a transient phenomenon (Fig. 3) . Since a transient contraction was invariably produced by these solutions, further experiments were performed to determine whether the increase in the P32 outflux would occur without muscle contraction.
Contraction of sartorius muscles does not occur until the external po tassium concentration 20 mM (10) an d, at lower concentrations, the d exceeds .egree of depolarization of the muscle fiber is dependent on the external potassium concentration (I I). Experiments were performed to study the changes in the P32 outflux in various potassium concentrations (6-20 mM) where contraction was not observed. Although the increase in the outflux was delayed in these solutions, it was always seen with more than IO mM KC1 (Fig. 4) , and was still detectable in many muscle preparations with 6 mM. Furthermore, the increased outflux appeared to be a function of the external potassium concentration. These results suggested that the increased P32 outflux was related to membrane depolarization occurring in the absence of contraction.
A marked increase in the P32 outflux from nerve and muscle was observed when the preparation was soaked in Ca-free Ringer's solution (Fig. 5) . The desaturation and rate constant curves obtained in these experiments showed that the increase in the outflux was a transient phenomenon.
Consequently did not seem to be entirely due to contraction, since it was observed without spontaneous twitching when external sodium was totally replaced by choline. The membrane potential of muscle fibers was markedly depolarized (50-60 mv within 1-2 hr), whereas that of nerve fibers is known to be only slightly depolarized in Ca-free Ringer's solution ( I 2).
On addition of 4 mM EDTA to Ca-free Ringer's solution, there was a considerably greater outflux of P32, particularly in muscle, and the effect was no longer transient (Fig. 6) .
In order to determine whether the changes observed in nerve and muscle were specific for excitable tissues, the Achilles tendon of gastrocnemius muscle, which is an example of nonexcitable connective tissue, was used as control material.
The desaturation curve obtained from the tendon showed a gradual decline (not exponential) for 4 hr, showing no separate rapid and slow components. When these tissues were transferred from Ringer's to K-rich Ringer's solution, no appreciable change in the outflux occurred.
However, the outflux was accelerated when the external solution was changed to Ca-free or, particularly, Ca-free EDTA Ringer's solution (Fig. 7) . Various phosphate comfiounds released during membrane depolarization.
When muscles which previously had been exposed to orthophosphate-P32 and washed in Ringer's solution were immersed in a Ca-free EDTA solution, there was an increased outflux of acid-soluble phosphate compounds (Table  I A ). The outflux of P; and most of the nucleotides increased about twofold, as compared to the outflux in normal Ringer's solution, whereas PCr increased as much as 400 %. Although the chief nucleotides present were the adenines, there were small amounts of CMP, IMP, and GMP, all of which showed an increase in a Ca-free EDTA solution, An increase in the outflux of the various phosphates was observed after exposure of frog muscle to a potassium-rich
Ringer's solution (Table  I B ). The external Electrical s timula tion of frog sartorius muscle also resulted in an increased outflux of all the phosphates examined (Table  I C) . Pi, PCr, and ATP increased over 80 %, while the outflux of IMP was as much as 200 YL Although the muscle exhibited contraction during stimulation, it was stimulation.
not fatigued at the end of the period of A comparison was made of the radioactive specific activity (SA) of the acid-soluble phosphates of the muscle itself, and of the same compounds present in the external solution ( Table   2 ).
The SA of external Pi, PCr, and ATP, when the solution was normal Ringer's, was from go to 150 Yo greater than the SA of the same compounds within the total muscle. When the external solution was Ca-free EDTA, the SA of Pi was over 200 YO greater in the external solution, as compared to that in the muscle itself, whereas the percentage difference of PCr and ATP was 450 % and I 180 %, respectively.
In a potassium-rich solution there was about a 500 % difference in the SA of Pi and PCr and over a tenfold greater SA of ATP in the external solution as compared to the muscle. After electrical stimulation of the frog muscle, the SA of the external Pi was 175 % greater, PCr 300 Yo, and ATP over 600 % greater than the respective phosphates within the muscle,
The outflux of various phosphate compounds from bullfrog spinal nerves was also examined under different experimental conditions (Table  3) . Compared to the amounts in Ringer's solution, in a Ca-free EDTA system there was an increase of I 62 YO in Pi, IOO % in PCr, and 300 % in ATP. The comparative increase in a K-rich system was 75 %, 25 Yo, and 50 YO for Pi, PCr, and ATP, respectively.
ATP increased significantly after electrical stimulation, and although there was an increase in Pi and PCr, it was small in comparison.
A comparison was made of the P32-specific activity of the various phosphates between the external solution and nerve extract ( Table  4) . As compared to the various phosphates in nerve, the SA of the external phosphates was from 25 to 33 YO greater. Although this difference would not appear to be significant, a greater SA was observed in all of the individual phosphates compounds of the external solution in three separate experiments.
DISCUSSION
On the basis of the present experiments, there appears to be definite evidence for the compartmentaliza tion of acid-soluble phosphates in muscle and, to a small extent, in nerve. Evidently, the phosphates with the higher specific activity must be nearest the cellular surface, inasmuch as they tend to diffuse out with or without membrane depolarization. It might also be inferred from the data that there exists, at least within skeletal muscle, a more or less continuous gradient in the specific activity of the phosphates, and that such a situation arose from the fact that the tissues were initially exposed to external P32-orthophosphate.
Such a possibility appears unlikely,' however, since, in view of the time involved in incubation and washing-out periods, equilibrium conditions would have been expected to prevail in the absence of any physical barriers to diffusion. It could be postulated, however, that there exists within the tissue a series of "physical" compartments with the gradient decreasing inward, or the compartmentalization could be a purely biochemical one, bearing no relationship to its proximity to the external surface, but dependent, instead, on the distribution of mitochondria and other systems involved in phosphorylation.
One of the important implications of the present study is the possible correlation between phosphate outflux and membrane depolarization. To begin with, there now appears to be definite evidence that membrane depolarization is associat,ed with Ca outflux (13). Although in the case of muscle, the Ca outflux is in part linked to contraction (14) , there does appear to be a component definitely related to membrane depolarization (I 5), Preliminary studies with both muscle and nerve, using Ca45 and P32, would seem to indicate that the time course of outflux of Ca4" agrees remarkably well with the outflux of ATP and Pi. It is known that phosphates, particularly the Pi resulting from the cleavage of ATP, are released from muscle during contraction.
To some extent, therefore, the release of phosphates in a Ca-free medium or during excitation is attributable to contractile activity. The& are a number of factors, however, precluding the possibility that contraction is primarilv responsible for , the outflux of phosphates. In the first place, replacement of sodium bY choline in a Ca-free system obviates contraction without preventing the increased outflux of P32 as a result of depolarization.
Likewise, in a K-rich system (less than 20 mM K) there is an increased outflux of P32 without contraction.
In a Ca-free EDTA system, the outflux of phosphates from muscle is considerably greater than it is during electrical stimulation, despite the fact that contractile activity is much less, Evidently, the phosphate release in a Cafree EDTA system cannot be attributed merely to the combined effects of depolarization and contraction. Insofar as EDTA would facilitate the removal of Ca and Mg, it might be inferred that the phosphate outflux is associated with the outgoing divalent cations. As will be discussed later, some tissue phosphates may exist in the form of chelates with Mg and Ca.
According to present-day concepts, the events involved in the propagation of the nerve impulse are believed to be associated primarily with the surface membrane, whereas the electrical conductor, axoplasm providing assumes the role of an a pool of K ions which can undergo exchange for sodium. Although the total metabolism of the nerve fiber is small in comparison with the nerve cell body (16) , it would now appear that the rel ative m .etabolism of the thin surface membrane ( 5 -0 A thick > compares in magnitude with the cell body. Correspondingly, assuming that the heat production of
